The transfer of DNA from Agrobacterium to plant cell nuclei is initiated by a cleavage reaction within the 25-bp right border of Ti plasmids. In an effort to develop all-native DNA transformation vectors, 50 putative right border alternatives were identified in both plant expressed sequence tags and genomic DNA. Efficacy tests in a tobacco (Nicotiana tabacum) model system demonstrated that 14 of these elements displayed at least 50% of the activity of conventional Agrobacterium transfer DNA borders. Four of the most effective plant-derived right border alternatives were found to be associated with intron-exon junctions. Additional elements were embedded within introns, exons, untranslated trailers, and intergenic DNA. Based on the identification of a single right border alternative in Arabidopsis and three in rice (Oryza sativa), the occurrence of this motif was estimated at a frequency of at least 0.8 3 10
Agrobacterium-mediated plant transformation is based on the transfer of single-stranded DNA from Agrobacterium plasmids to plant cell nuclei. DNA transfer is initiated by virD2-mediated cleavage within the 25-bp right border sequence (Wang et al., 1984; Scheiffele et al., 1995) . The Agrobacterium plasmids pTiC58 and pRi8196 contain additional sequences in the vicinity of the right border that enhance cleavage (van Haaren et al., 1987; Hansen et al., 1992) . Upon initial cleavage, virD2 covalently binds to the 5# side, and the DNA unwinds toward the left border where a second cleavage reaction may occur. The released single-stranded DNA is coated with virE2 and processed for transfer via type IV-type secretion (Lessl and Lanka, 1994; Zupan and Zambryski, 1995) . In the plant cell, nuclear localization signals of virD2 target the transfer DNA (T-DNA) to the nucleus for subsequent genomic integration (Shurvinton et al., 1992; Ziemienowicz et al., 2001) . Because left borders often fail to function as sites for secondary cleavage, transformed plant cells frequently contain T-DNAs that are still attached to plasmid backbone sequences (Kononov et al., 1997) . Furthermore, inadvertent right border activity of left borders can also result in the transformation of plant cells that contain backbone DNA (Huang et al., 2004) .
Agrobacterium-derived right border regions have been used extensively for the transformation of plants with foreign DNA. Resulting transgenic plants often displayed new and agronomically important traits such as herbicide and insect tolerance. However, the presence of foreign DNA in food crops is often perceived as undesirable, and the application of genetic engineering has therefore been limited to a small number of crops that are destined for feed, oil, fibers, and processed ingredients. In contrast, products closer to the table, such as fruits and vegetables, have been hindered in their transgenic development (Rommens, 2004) . Public concerns were addressed through a proposal to diversify genetically modified crops based on the genetic distance between the source of new genetic material and target organism (Nielsen, 2003) . According to this proposal, the introduction of foreign DNA creates ''transgenic'' plants, whereas ''xenogenic'' plants result from the insertion of laboratory-designed DNA for which no naturally evolved genetic counterpart can be found or expected. Some of these two groups of plants deviate substantially from what has been achieved through conventional breeding. In contrast, rearrangements of genomic material from within the same sexual compatibility group would create ''intragenic'' plants. Such modifications would often alter traits in a similar but more efficient and precise manner than that of conventional plant breeding.
One requirement for all-native DNA transformation is the replacement of Agrobacterium T-DNAs by plant-derived transfer DNA (P-DNA) sequences (Rommens, 2004) . The concept of P-DNA-mediated transformation has previously been demonstrated in potato (Solanum tuberosum). A 400-bp potato P-DNA delineated by regions that share homology with the left border of nopaline strains and the right border of octopine strains was effectively transferred from Agrobacterium to plant cells . The potato P-DNA was subsequently used to introduce a silencing construct for a tuber-specific polyphenol oxidase gene into potato. Resulting intragenic plants displayed tolerance against black spot bruise sensitivity in impacted tubers.
Design of optimal P-DNA vectors requires a thorough understanding of the organization of Agrobacterium T-DNA border regions. Here, we isolated a variety of right border alternative sequences from plants, determined their original genomic context, and tested the efficacy of these elements in mediating DNA transfer. We also studied the role of flanking DNA, and identified sequences that support the initiation of DNA transfer. Furthermore, right border alternatives outperformed Agrobacterium left borders if placed between AT-rich DNA and cytosine clusters (C-clusters). Our new understanding of sequences involved in DNA transfer makes it possible to effectively identify and utilize P-DNAs.
RESULTS

Right Border Sequence Requirements
Agrobacterium right borders function in the initiation of DNA transfer. As shown in Figure 1A , these 25-bp sequences (Rb01-Rb07) share a highly conserved 13-bp 5#-ATATATCCTG-[C/T]-CA motif preceded by the more degenerate 12-bp consensus 5#-
The sequence plasticity of right border alternatives was studied by testing synthetic elements containing single mismatches to CON1 (Sy01-Sy13) for their ability to mediate plant transformation. The elements, flanked by the 109-bp Agrobacterium pTi15955 sequence upstream from Rb02, were inserted into a plasmid containing an expression cassette for the neomycin phosphotransferase (nptII) selectable marker gene. Agrobacterium strains carrying the resulting test plasmids were used to infect tobacco (Nicotiana tabacum) explants. Two weeks after infection, the average numbers of calli per explant were compared to those produced with control plasmids containing Rb01 or Ct01, whereby 15.3 6 0.5 calli/explant 5 100% transformation efficiency. As shown in Figure 1B , all synthetic right border alternatives had maintained the ability to mediate DNA transfer. However, base substitutions C6A, A13C, C19G, C20G, and T21A of Sy03, Sy07, Sy11, Sy12, and Sy13, respectively, lowered transformation frequencies more than 5-fold, implying important negative effects of these specific modifications on the ability of right border alternatives to initiate DNA transfer.
Right border alternative sequence requirements were further determined by testing the efficacy of plant sequences that either match or resemble CON1 (Fig.  1C) . In addition to the previously characterized element of the potato P-DNA , designated here as St01, a large number of new putative right border alternatives was either amplified from genomes or identified in publicly available DNA databases (see ''Materials and Methods''). Among these sequences, only the Arabidopsis At01 fully matched the Agrobacterium right border consensus. However, this element displayed a lower activity (65%) than the control borders, suggesting that the guanine base at position 14 (G4) of At01 and poorly characterized right borders such as Rb03 (Jouanin et al., 1986 ) is not as effective as T4 of the more commonly used Rb01 and Rb02.
Despite the presence of one to three mismatches, 13 right border alternatives from potato (St02, St03, and St04), tomato (Lycopersicon esculentum; Le01, Le02, and Le03), pepper (Capsicum annuum; Ca01), alfalfa (Medicago sativa; Ms01), barley (Hordeum vulgare; Hv01), rice (Oryza sativa; Os01, Os02, and Os03), and wheat (Triticum aestivum; Ta01) displayed between 50% and more than 100% activity compared to the Rb01 and Ct01 control sequences. The functionality of these novel sequences indicates that Agrobacterium did not exploit the full potential of border sequence variation. In contrast to the highly effective right border alternatives, 36 additional elements from a variety of plant species contained multiple mismatches and/or point deletions, and either displayed low activities (,50%) or appeared nonfunctional. Mismatches that reduced transformation frequencies most dramatically include, apart from those mentioned above, A5G and C6G. By comparing the sequences of the two different groups of elements, the consensus for plant-derived right border alternatives (CON2) was determined as 5#- (Fig. 1D ).
Plant-Derived Right Border Alternatives Often Represent Sequences Involved in RNA Processing
To determine the possible function of right border alternatives in plants, we analyzed the genomic context of some of the most effective sequences. Interestingly, several expressed sequence tag (EST)-derived elements were found to be associated with intron-exon junctions ( Fig. 2A) . For example, genomic DNA corresponding to the inverse complement of tomato Le02 contains an intron positioned between the bases AG and GT, which represent the dinucleotides that most frequently flank plant introns (Long and Rosenberg, 2000) . Associations with intron-exon transitions were also demonstrated for tomato Le04 and rice Os01. In the case of Le04, the first six nucleotides 5#-TCAGAG are located in an intron (with acceptor site underlined), and the subsequent 19 nucleotides 5#-GATATATTAGACAGTT-TCC are part of the downstream exon of a gene with Rommens et al. unknown function. Similarly, Os01 defines the transition from exon (5#-AGCCAGGATATATCCTTGA) to intron (5#-GTAAGT, with donor site underlined) of the rice cleavage stimulation factor 77 gene. Another ESTidentified right border alternative that is associated with an intron is Le01. This element is located immediately downstream from the intron acceptor site of the tomato phosphatase 2C gene. Identical elements from potato (St02) and pepper (Ca01) were determined to represent similar junctions (data not shown). Interestingly, all these six right border alternatives were positioned in the same inverse complementary position relative to the orientation of the gene. The generally GT-rich alternative strands contain, apart from AG and GT splice sites, binding sites for Ser/Arg-rich splic- (Liu et al., 1998; Reddy, 2004) .
In contrast to the above-described first group of right border alternatives, the position and/or structure of a number of other elements did not suggest an immediate link with transcript processing. As depicted in Figure 2B , three sequences were derived from untranslated trailers (3#UTRs). The barley Hv01 element is located within the 3#UTR of the LepA gene, and the Medicago truncatula Mt01 and maize (Zea mays) Zm01 are positioned in untranslated sequences of the AIP gene and a putative 8-amino-7-oxononanoate synthase gene, respectively. Furthermore, the Arabidopsis At01, rice Os02, and wheat Ta01 elements are all embedded within exon sequences of genes. In the case of rice Os03, the element is fully embedded within the 4.3-kb 11th intron of a rice Sec8-like gene. And finally, some right border alternatives that had been PCR amplified from plant genomes represented DNAs lacking an apparent association with genes. Like the previously isolated St01 , potato St03 appears positioned in the AT-rich intergenic DNA region (Fig. 2B) . Collectively, our results demonstrate that plant-derived right border alternatives can be derived from a variety of genetic elements. One group of elements is predominantly associated, in the inverse complementary (antisense) orientation, with the transcribed strands of genes. In agreement with the transcription direction rule (Szybalski et al., 1966) , these anti-sense borders are poor in guanine content.
The Influence of Flanking DNA on the Efficacy of Right Border Alternatives
Test plasmid pSIM551 contained St02 linked to T-DNA-flanking sequences of Agrobacterium pTi15955.
This arrangement placed the potato right border alternative at a distance of 12 bp from the overdrive, an element that was reported to promote DNA transfer (van Haaren et al., 1987) . Although the overdrive element is believed to function in a position-independent manner with respect to the right border (Shurvinton and Ream, 1991) , we found that a single basepair insertion between St02 and upstream DNA reduced transformation frequencies of pSIM579 about 2-fold (Fig. 3A) . Furthermore, the 5#-CAA trinucleotide insertion of pSIM578 had an even greater negative effect on the efficacy of transformation, lowering it to 35%.
To study the molecular basis of the apparent overdrive-St02 spacing requirement, we compared the pSIM551 sequence with corresponding T-DNA flanking regions of Agrobacterium plasmids. The aligned 47-nucleotide sequences generally contained cytosine or thymine residues at conserved four-nucleotide intervals, separated by adenine-rich (46%) trinucleotide segments (Fig. 3A ). This arrangement resulted in a high occurrence of AC dinucleotide repeats (27%), which approached that of the overdrive element itself (42%). Whereas the upstream AC-rich (ACR) domains from both Agrobacterium plasmids and pSIM551 comprised at least six pyrimidine residues at conserved positions, the impaired activity of pSIM578 and 579 was correlated with sequences that contained four and five such residues, respectively (Fig. 3A) . Additional evidence for the importance of correctly spaced pyrimidines was obtained by analyzing pSIM580, which contained the pentanucleotide 5#-ACCAA insertion between St02 and upstream DNA. Maintenance of six pyrimidines at conserved positions in this plasmid was associated with the same DNA transfer activity as that of the original vector pSIM551 (Fig. 3A) .
To further test the functional significance of correctly spaced pyrimidines, the pTi15955-derived sequence of pSIM551 was replaced by the corresponding ACR region of Agrobacterium pRi2659 (Hansen et al., 1992) . Immediate linkage with St02 in pSIM844 resulted in high transformation frequencies (126%; Fig.  3A ). However, disruption of the pyrimidine spacing by a single basepair insertion (in pSIM827) almost fully eliminated the activity of the right border alternative, reducing it down to 7%.
Having correlated the original spacing of pyrimidines with efficient DNA transfer, we now also tested the functional relevance of adenine-rich trinucleotides. For this purpose, the ACR domain of pSIM551 was replaced with a tomato DNA fragment carrying nine pyrimidines at conserved positions but lacking a high percentage of adenine residues in the intervals. The resulting vector pSIM581 displayed only 22% of the transformation efficacy of pSIM551, indicating that adenine-rich intervals and/or AC repeats play a role in the functional activity of the ACR domain (Fig. 3A) .
Because adenine-rich DNA is often associated with low helical stability regions, we determined the helical stability profile of pSIM551 using WEB-THERMODYN (Huang and Kowalski, 2003) . This analysis identified a 120-bp sequence immediately upstream from the St02 cleavage site, and including the ACR domain, to represent the lowest helical stability region of the pSIM551 backbone ( Fig. 3B; data not shown) . The association of an easily unwound DNA region immediately upstream from the right border alternative may be functionally relevant because Agrobacterium Ti and Ri plasmids contain similar low helical stability regions at their right borders. For instance, pTiC58 contains a 120-bp region preceding the border with a stability of 116 kcal/mol. Analogous to the association of low helical stability regions with the initiation of plasmid replication (Natale et al., 1993) , these upstream DNAs may be involved in the initiation of DNA transfer.
Given that upstream DNA sequences adjacent to St02 influenced transformation efficacy, we sought to test the effect of downstream modifications. As shown in Figure 3C , sequence analyses identified decamers that shared the consensus 5#-
with the 5# part of the overdrive, and were positioned at a distance of one to 27 nucleotides from the right border. This ''downstream from right border'' (DR) domain was also identified in both the potato-derived T-DNA ) of pSIM108 and test vectors such as pSIM551 (Fig. 3C ). An increase in the spacing between Le01 and DR domain from 24 nucleotides in pSIM551 to 48 nucleotides in pSIM920 lowered transformation frequencies by 40% (Fig. 3C) , indicating that the supporting function of the DR domain on border activity is spacing dependent.
Because downstream DNA sequences represent the actual T-DNA that is intended for plant transformation, we replaced the original bacterial sequences of pSIM551 with two unique potato DNA fragments. The pSIM551-derivative pSIM793, which contained a DR domain at 27 nucleotides from Le01, yielded about the same transformation frequency as pSIM551. In contrast, the potato DNA fragment of pSIM582, which contained a DR domain with several mismatches to the consensus, displayed only 59% activity. Interestingly, replacement of Le01-flanking DNA sequences by an alfalfa DNA fragment that contained two different DR domains triggered unusually high transformation frequencies for the resulting vector pSIM843 (168%; Fig. 3C ). We conclude that sequences flanking right border alternatives play an important role in supporting plant DNA transfer. These sequences comprise upstream ACR and downstream DR domains.
Substitution of Left Borders by Right Border Alternatives
The above-described studies had shown that CON2-matching 25-bp elements function as effective right border alternatives if flanked by sequences that support their activity. Would it also be possible to use such elements as left border alternatives? The answer to this question was not immediately obvious because the intended function of left borders, namely secondary cleavage of the T-DNA, is different from that of right borders, which mediate primary cleavage reactions. As shown in Figure 4A , this functional difference is associated with a divergent sequence organization at and around the border sites. In contrast to right borders, left borders (1) are preceded by AT-rich DNAs comprising an ''upstream from left border'' (UL) domain on either DNA strand with the consensus Direct evidence for the role of the C-cluster organization in supporting left border activity was obtained by comparing the fidelity of DNA transfer for pSIM831 and 829. Both vectors contained an expression cassette for the nptII gene preceded by DNA regions comprising St02 as right border alternative, and were confirmed to support the same high transformation frequencies as pSIM551 (data not shown). The vectors also contained almost identical DNA regions for secondary cleavage, which differed only in that pSIM829 contained a 10-bp insertion in the fourth left border-associated C-cluster (Fig. 4B) . The effect of this small change was assessed by classifying regenerated shoots in three groups based on PCR analyses. The first ''T'' group only contained the intended T-DNA, and would therefore be predicted to have arisen from primary cleavage events at the right border followed by secondary cleavage at the left border. Plants containing both the T-DNA and additional backbone DNA sequences were classified in a second ''TB'' group, and most likely represented events where the second copy of the border alternative failed to function in terminating DNA transfer. The third ''B'' group of events only contained backbone DNA and probably arose from initial cleavage reactions at the second St02 copy. This genotype classification demonstrated that pSIM831 was more than twice as effective as pSIM829 (41% versus 17%) in producing ''T'' events (Fig. 4B) . Efficacy of right border alternatives as sites for secondary cleavage was studied by testing pSIM108 and 843B. The vectors contained St01 and Ms01, respectively, as right border alternative. The downstream region of pSIM108, shown in Figure 4C , contained a second copy of St01 inserted between (1) AT-rich (62%) DNA derived from the terminator of the potato ubiquitin-3 gene (Garbarino and Belknap, 1994) containing a UL domain, and (2) plasmid backbone DNA comprising five C-clusters. Similarly, the DNA region intended for secondary cleavage in pSIM843B contained a second copy of Ms01 preceded by an AT-rich (87%) alfalfa DNA fragment and followed by downstream C-clusters (Fig. 4C) . The binary vector pSIM401, which contained the extended left border region of pTiC58, was used as control. PCR genotyping demonstrated that both pSIM108 and 843B yielded even higher frequency of backbone-free transformation events (41.1% and 33.9%) than obtained with the control (26.0%), thus indicating that right border alternatives can be used to replace left borders. However, subsequent experiments also showed that such replacements need to be carried out cautiously. A modification of pSIM843B that both eliminated the UL domain and altered the spacing of C-clusters dramatically lowered the frequency of desired ''T'' transformation events for the resulting vector pSIM849 to 10.2% (Fig. 4C ). This reduced frequency was associated with an about 2-fold increased transfer of DNAs that are still attached to their vector backbones, indicating that the modifications of flanking DNA interfered with effective secondary cleavage at the second Ms01 copy. Similar alterations of DNA surrounding the second St01 copy of pSIM108 resulted in an almost 4-fold reduced transformation efficacy of the resulting vector pSIM781 (Fig. 4C) .
Collectively, our data demonstrate that right border alternatives can be used to replace left borders if associated with the upstream UL domain and downstream C-clusters. Even small changes in this organization were found to have a profound effect on the frequency of backbone-free plant transformation. Replacement of the internal nptII gene expression cassette of pSIM843B by alfalfa DNA would make it possible to produce intragenic alfalfa plants.
DISCUSSION
This article describes 14 new and functionally active right border alternatives from dicotyledonous (potato, tomato, pepper, alfalfa, and Arabidopsis) and monocotyledonous (rice, barley, and wheat) plant species. Because analyses of the 125-Mb haploid Arabidopsis genome and 3-fold larger rice genome uncovered a single Arabidopsis element and three elements in rice, the occurrence of right border alternatives was estimated at a frequency of at least 0.8 3 10
28 . Thus, the 8-fold larger tomato and potato genomes are expected to each contain more than eight such sequences, several of which are described in this article. Continued plant genome sequencing and data mining efforts are anticipated to result in the identification of many additional right border alternatives from these and other plants. Alternatively, it is possible to link the sequences of at least two different plant ESTs together and create new synthetic right border-like elements. We have tested two such elements, 5#-GGACAGGA-TATATAA AGTGTAAAAC and 5#-GGACAGGATA-TATAAAGTGTAAAAC, the sequences of which were recently disclosed (www.crop.cri.nz). In our tobacco transformation system, these elements supported 86% and 7%, respectively, of the transformation efficacy of conventional right borders (C.M. Rommens, O. Bougri, and J.M. Humara, unpublished data).
In addition to plant-derived right border alternatives, such elements were also identified in fungi and mammals. For instance, mouse accession number AC110541 contains the sequence 5#-AGGCAGGACT-TAATGTGGTGTAAAC. With the discovery that Agrobacterium can be used for transformation of a wide variety of species (Kunik et al., 2001; Casas-Flores et al., 2004) , the new right border alternatives may be used to extend the concept of all-native DNA transformation (Rommens, 2004) to eukaryotes other than plants.
Many of the plant-derived right border alternatives described in this article are associated with transcribed DNA. These sequences represent untranslated trailers, introns, exons, as well as intron-exon junctions. The latter group of elements was identified most frequently and suggests a function of the GT-rich antisense border sequences in intron splicing. Because guanines and thymines each have a choice of two bases to pair with, guanines with cytosines and thymines, and thymines with adenines and guanines, the antisense borders are ideal for secondary structure formation, which is generally believed to play an important role in pre-mRNA splicing (Patterson et al., 2002) . Interestingly, we found the inner part of the Le01 intron of the phosphatase 2C gene to share homology with introns of many other genes, such as a tomato permease gene, a Suc synthase gene, a TPR domain-containing protein gene, and a receptor kinase-like protein gene from potato (C.M. Rommens, unpublished data). Although it is conceivable that such introns evolved from ancient insertions of the same mobile intron (Long and Rosenberg, 2000) , alignment of corresponding intron-exon junctions did not reveal any conserved sequences. Thus, Le01 does not appear to represent the remnants of an ancient proto-splice site. Sequences that flank the right border alternatives in their original plant genomic context lacked homology with known bacterial DNA (C.M. Rommens, unpublished data), indicating that these regions also did not originate from early bacteriummediated transformation events.
Efficacy tests of border-like sequences made it possible to define a consensus sequence for right border alternatives. This consensus allows considerable degeneracy, especially in the 5# terminus, and confirms the previous notion that mismatches with Agrobacterium right border sequences are often tolerated . It also suggests that both right borders and right border alternatives contain two separate domains, a possible downstream binding site for virD2 preceded by a domain that may function as site for an accessory protein. Because the latter domain resembles the relaxed consensus binding site of the eubacterial initiator protein of DNA replica- (Roth and Messer, 1998; Speck and Messer, 2001 ), this or a related protein may be involved in supporting local DNA unwinding.
The sequence immediately upstream from right borders and right border alternatives represents a low helical stability region that may be involved in DNA unwinding as well. In Agrobacterium plasmid pTi15955, this region contains a 25-bp sequence (overdrive) that has been reported to promote right border activity (van Haaren et al., 1987) . Our work demonstrates that the overdrive is part of a larger ACR domain that is conserved among Agrobacterium Ti and Ri plasmids. We found the enhancing activity of this region to require at least six pyrimidine residues at conserved positions. The sequence and spacing requirements of the ACR domain may explain why certain previously characterized Ti plasmid mutants displayed reduced virulence (Shurvinton and Ream, 1991) . For instance, the impaired activity of mutant WR1803 is associated with an insufficient number of pyrimidine residues at conserved positions, and the low efficiency of WR1804 is linked to a lack of adeninerich spacers. This weakly conserved repetitive and spacing-sensitive character of the ACR domain shares a similar architecture with the repeat region that is linked to the replication origin of, for instance, repABC-type plasmids. Like these origin-associated repeats, the ACR domain could play a similar role in DNA unwinding (Jakimowicz et al., 2002; Betteridge et al., 2004; this work) . A candidate protein facilitating strand separation in Agrobacterium plasmids is virC1. Because the overdrive sequence has been shown to function as binding site for virC1 (Toro et al., 1989) , it is possible that virC1 also binds to the broader sequence context of the various AC-rich regions. The function of virC1 has not been elucidated yet, but homology with bacterial parA partitioning proteins suggests that virC1 may bind single-stranded DNA to extend unwound DNA regions (Easter and Gober, 2002) .
Apart from the presence of potentially DNA unwinding sequences within extended right border regions, the AT-rich sequences upstream from left borders and left border alternatives represented low helical stability regions (C.M. Rommens, unpublished data). Thus, the facilitation of local DNA unwinding may not just be important for initiation but also for termination of DNA transfer in a similar way as described for conjugative DNA transfer (Ryan et al., 2004) . In the case of pTiC58, this AT-rich DNA contains the sequence 5#-TTCAGTACATTA, which resembles the putative binding site for integration host factor (IHF) binding, 5#-[A/T]-TCAANNNNTTA (Friedman, 1988; McGuire et al., 2000) . Because IHF is involved in virtually all forms of nucleoid manipulation including DNA unwinding (Ryan et al., 2004) , it is possible that this protein supports DNA cleavage at left borders in a similar way as reported previously for oriT (Karl et al., 2001) .
Agrobacterium left border regions can also be characterized by the presence of at least four C-clusters at the junction between the borders and upstream DNA. The C-clusters may form into tertiary quadruplexes at slightly acid or neutral pH, in a similar manner as described for mammalian C-clusters (Neidle and Parkinson, 2003; Zarudnaya et al., 2003) . It is possible that the complex folding associated with C-clusters negatively affects processes that are associated with DNA transfer, possibly limiting the frequency of backbone DNA transfer. The organization of extended regions for the initiation and termination of DNA transfer is summarized in Figure 5 , accounting for domains of local DNA context around both the primary and secondary cutting sites described in this work. These sequence requirements should be considered in efforts to create novel all-native P-DNA vectors for Agrobacterium-or Rhizobium-mediated plant transformation, en route to creating intragenically modified crops.
MATERIALS AND METHODS
PCR-Based Isolation of Right Border Alternatives
Plant DNAs (2 mg), partially digested with SauIIIA, were ligated with 192-bp BamHI-EcoRV fragments of pBR322. The resulting DNAs were used as templates for amplification with the primer pair 5#-YGR CAG GAT ATA TNN NNN KGT AAA C-3# (degenerate border) and 5#-GAC CAC ACC CGT CCT GTG-3# (anchor primer), with 49°C annealing temperature and 2.5-min extension time. Subsequent PCRs were performed with the amplified DNAs ligated with pGEM-T as templates using the border primer together with either SP6 or T7 primers at a slightly higher annealing temperature (52°C). The products of these reactions were inserted into pGEM-T and sequenced to design primers for conventional inverse PCRs to determine the actual sequence of the putative right border alternative.
Database Searches and Sequence Analysis
Publicly available databases, including those maintained by the National Center For Biotechnology Information, were searched for T-DNA border sequences using the Motif Alignment and Search Tool (Bailey and Gribskov, 1998) and advanced BLASTN with penalty for nucleotide mismatch set at 21 and expect value at 10 5 (Altschul et al., 1997) . Additional databases that were searched include those covering Solanaceae (http://www.sgn.cornell.edu/), Compositae (http://compositdb.ucdavis.edu/), and Medicago truncatula (http://www.genome.ou.edu/medicago.html). Folding of single-stranded DNA was studied using both the Mfold Web server (Zuker, 2003) and the Bielefeld Bioinformatics Server (Giegerich et al., 2004 ). Free energy profiles for unwinding 50-bp windows of double-stranded DNA across Ti plasmids were estimated using WEB-THERMODYN (Huang and Kowalski, 2003) .
Plasmid Construction
The plasmid that was used for construction of pSIM-T vectors comprised unique KpnI and SpeI sites flanked by sequences upstream from the right border of pTi15955. Details are described elsewhere . Both right borders and right border alternatives were inserted into this plasmid by ligating linearized plasmid DNA with annealed primers comprising the sequences of interest flanked by the sticky ends of KpnI and SpeI, respectively.
Isolation of Plant DNA Fragments
The following primers were used to amplify DNA fragments from plants: 5#-TTA TGC GGG CTA ACG GGC TG (forward) and 5#-GGG CCC GGT ACC CGT TAG GGC TAG (reverse) for the alfalfa (Medicago sativa) DNA fragment downstream from Ms01 of pSIM843; 5#-GGG CCC GGT ACC CGG AGG AGA CTC (forward) and 5#-GAA GAA GCA CAC CGG CAC TGG AAT T (reverse) for the potato (Solanum tuberosum) DNA fragment downstream from St02 of pSIM781; 5#-GAG GTA TAG AGG CAT GTC TGG CGT GAT C (forward) and 5#-GTG AAG TTT ATA ACA TGT TGA AGG AGC TCC A (reverse) for the potato DNA fragment following St02 of pSIM793; 5#-GGT ACC CTC TGT TGA CCA GGA TAT G (forward) and 5#-ACT AGT CAT TAC CAA CAA ATA TAT CCT GG (reverse) for the tomato (Lycopersicon esculentum) DNA fragment downstream from Le01 of pSIM582; 5#-CTT ACG TAG AAT TCT GTG CCA TG (forward) and 5#-GTT GGA TCT AGT TCT TGA AGT T (reverse) for the potato DNA fragment upstream from the second St01 copy of pSIM781B; and 5#-AAT TTT ATA TTA CAT TTA TAT TTG TG (forward) and 5#-CAT AAC AAA AAA AAA TTC TAT AAA TTA T (reverse) for the alfalfa DNA fragment preceding the second copy of the Ms01 element of pSIM843B.
Plant Transformation
Binary vectors were introduced into Agrobacterium tumefaciens LBA4404 cells as follows. Competent LB4404 cells (50 mL) were incubated for 5 min on ice in the presence of 1 mg of vector DNA, frozen for about 15 s in liquid nitrogen, and incubated at 37°C for 5 min. After adding 1 mL of liquid broth, the treated cells were grown for 3 h at 28°C and plated on liquid broth/agar containing streptomycin (100 mg/L) and kanamycin (100 mg/L). The vector DNAs were then isolated from overnight cultures of individual LBA4404 colonies and examined by restriction analysis to confirm the presence of intact plasmid DNA.
A 10-fold dilution of an overnight-grown Agrobacterium culture was grown for 4 to 5 h, precipitated for 15 min at 3,800 rpm, washed with Murashige and Skoog liquid medium (PhytoTechnology, Shawnee Mission, KS) supplemented with Suc (3%, pH 5.7), and resuspended in the same medium to an optical density at 600 nm of 0.2 (for evaluation of new borders using pSIM-T vectors) or 0.04 (to assess the efficacy of new border-flanking DNA sequences). The suspension was then used to infect leaf explants of 3-week-old in vitro grown tobacco (Nicotiana tabacum) plants. Infected tobacco explants were incubated for 2 d on coculture medium (one-tenth Murashige and Skoog salts, 3% Suc, pH 5.7) containing 6 g/L agar at 25°C in a Percival growth chamber (16-h-light photoperiod) and subsequently transferred to M401/agar (PhytoTechnology) medium containing timentin (150 mg/L) and kanamycin (100 mg/L). Two weeks after inoculation, the number of calli per leaf explants was scored, and averages of all the explants for each of the treatments were calculated. The tobacco calli assay is highly quantitative because individual calli can be counted, and the large sample size (at least 50 different explants/infection) permits statistical analysis.
Plant Genotyping
Plant DNA isolation and subsequent PCR were carried out as described previously .
